High-resolution 3D seismic P-wave velocity model of Poland (Grad et al., Tectonophysics 666:188-210, 2016) and corrected for paleoclimate heat flow map (Majorowicz and Wybraniec, Int J Earth Sci 100(4):881-887, 2011) gridded to a common mesh are used together with four independent thermal models of the crust and upper mantle to calculate heat flow variation with depth and geotherms. Heat flow at Moho depth are calculated and mapped and both confirm large variability with an elevated mantle heat flow (circa 30-40 mW/m 2 ) in the Paleozoic Platform which is some 10-20 mW/m 2 higher than Moho heat flow in the north-eastern and south-eastern Poland which belong to a variety of tectonic terranes (the oldest Precambrian Craton, younger Cadomian, Trans-European Suture Zone, Carpathians). Temperatures calculated for the crust show consistent pattern: higher temperatures beneath the Paleozoic Platform and lower temperatures beneath the Precambrian and Cadomian units. At 10 km depth this difference is about 150 °C, about 300 °C at 20 km depth, and about 400 °C at 50-60 km. Assuming the calculated isotherm 580 °C as Curie temperature the magnetic crust thickness was determined as 5-10 km only beneath the Polish Basin, circa 20 km in Carpathians, circa 30 km in Sudetes, and 35-40 km beneath the Precambrian and Cadomian units. Such a thick magnetic crust results from a great depth of Curie temperature, thick crystalline crust, and thin sediments. Mantle heat flow variability is mainly correlating with measured surface heat flow and influences geotherms. Calculated thermal LAB depth follows patterns of heat flow and Moho heat flow variability through Poland with thinnest lithosphere in the high surface heat flow and high mantle heat flow areas. Comparison of this thermal LAB depth estimates with seismic data based LAB depth shows general coincidences when Precambrian Craton vs Paleozoic Platform are considered along the P4 seismic experiment data model (circa 190 km depth vs some 90 km depth, respectively). However, significant differences exist in many areas and especially for the SE Poland when compared with map for the whole of Poland compiled from other seismic reported data.
Introduction
The contact between the East European Craton (EEC) and located to SW Paleozoic Platform (PP) is a major geological boundary in Europe (Fig. 1) . The nature and structure of this contact in the area of Poland is considerably less known and mostly hypothetical. This is mostly due to the fact that this zone is largely concealed beneath thick Paleozoic to Cenozoic sediments, particularly in the area of Polish basin and Lublin basin, and in the Carpathians and their foreland. Information about deep structure come from geophysical studies.
In this paper, we analyze thermal properties of the crust and upper mantle for the whole area of Poland basing on the seismic structure. Previous studies of the thermoseismic structure of the crust and lower lithosphere in the contact of the East European Craton and Paleozoic Platform performed in Poland included seismic works (e.g. Grad et al. 2002a Grad et al. , 2007 Guterch et al. 1983 Guterch et al. , 2015 and heat flow studies (e.g. Majorowicz and Plewa 1979; Majorowicz et al. 2003) .
Tectonic and geophysical background of the study area
In the area of Poland three large continental scale tectonic units meet together, namely Precambrian East European Craton (EEC) to the northeast, Variscan West European Platform (WEP) terranes to the southwest, and younger Alpine Carpathian arc in the south. Their locations are shown in Fig. 1 , together with blue frame showing the area studied in this paper.
The reference structure of the Central Europe is a sharp edge of the East European Craton. In the area of Poland the south-western margin of EEC is marked as TeisseyreTornquist Zone (TTZ) , which continues to the north as Sorgenfrei-Tornquist Zone (STZ). The term TTZ has previously been a subject to different definitions. Here TTZ describes a zone associated with the southwestern edge of the paleocontinent Baltica (EEC), and STZ is its continuation in Scandinavia (Fig. 1; Teisseyre1893, Tornquist 1908 Dadlez et al. 2005; Bogdanova et al. 2006) . From the very beginning the TTZ was conceived as a linear feature (fault or fault zone) marking the southwestern boundary of the EEC. Contrarily, the Trans-European Suture Zone (TESZ) is a term coined by Berthelsen (1992) for an assemblage of suspect terranes adjoining the EEC edge from the southwest. It is not a linear structure, but a terrane accretion zone, 100-200 km wide (Fig. 1) . In central and north-western Poland the TESZ is boarded by the East European Craton and the Variscan orogeny (Pharaoh 1999 , Winchester et al. 2002 . Both terms should not be mistaken, as is the case on many maps concerning the problem .
The TTZ/STZ is a major lithospheric structure, which appears to be a deep-seated boundary reaching at least down to a depth of about 200 km as shown by tomographic analysis of shear wave velocity structure of the mantle under Europe (Zielhuis and Nolet 1994; Wilde-Piórko et al. 2002 Bruneton et al. 2004) . Another indication of the deepseated nature of this zone was obtained from observations of several hundred earthquakes and explosions located in Europe. To explain the observed blockage of energy from regional seismic events by TTZ, the structural anomaly between eastern and western Europe must reach at least down to a depth of about 200 km (Schweitzer 1995) . Similar effect was observed for the records of Kaliningrad district Pożaryski and Dembowski (1983) , Ziegler (1990) , Winchester et al. (2002) , Narkiewicz et al. (2011 ), Cymerman (2007 , Skridlaitė et al. (2006) , Franke (2014) , and Mazur et al. (2015) . Blue frame shows location of the study area. BT Baltic Terrane; FSS Fennoscandia-Sarmatia Suture; HCM Holy Cross Mountains; MB Małopolska Block; MLSZ Mid-Lithuanian Suture Zone; NEGB North-Eastern German Basin; PB Polish Basin; PM Pomerania Massif; RG Rønne Graben; RFH Ringkobing-Fyn High; STZ Sorgenfrei-Tornquist Zone; TESZ Trans-European Suture Zone; TTZ Teisseyre-Tornquist Zone; USB Upper Silesian Block; VDF Variscan Deformation Front earthquakes (Russia, September 21, 2004) . One spectacular observation is that concerning to wave propagation: surface waves propagate extremely far to the north in the Fennoscandian Shield; on the other hand TTZ has some attenuating effect on the seismic waves recorded on the seismograph stations in the west. The macroseismic intensity maps show the same effect (Gregersen et al. 2007) .
TTZ/STZ is the longest tectonic feature in Europe separating the old, characterized by thick crust EEC with Paleozoic sedimentary cover from the younger, characterized by thin crust Phanerozoic mobile belts of central and Western Europe (Fig. 2) . In the area of Central Europe, the depth of the Moho discontinuity is about 28-36 km beneath Variscides, TESZ and Eastern Avalonia, and 40-48 km beneath the EEC. In the Alpine orogeny thick crust is observed in Alps (> 45 km), while in Pannonian basin and Carpathians crust is thin (< 30 km).
Continental-scale tectonic units of the Central Europe are not clearly correlated with heat flow pattern. Figures 3 and 4 show heat flow map of the Central Europe based on corrected for paleoclimate heat flow data according to Majorowicz and Wybraniec (2011) . TTZ is not a clear boundary between low heat flow in the East-North East (mainly Precambrian Platform) and higher heat flow in the West-South West (mainly Paleozoic Platform). Low heat flow zone < 60 mW/m 2 extends west of TTZ in the Northern Poland and Southern Poland in the Caledonian Pomeranian block and Cadomian block, respectively (Fig. 4) . The lowest heat flow values are within Precambrian Platform and shield.
Highest heat flow in the shown part of the heat flow map (Fig. 3) is seen in the rift like Rhine Graben and in the Inner Carpathian Pannonian basin (> 90 mW/m 2 ). Paleoclimatic effect due to a cold glacial epoch temperatures in Europe, some 10 °C colder than in Holocene, results in a substantial reduction of heat flow at shallow depth. This explains some very low uncorrected heat flow values 20-30 mW/m 2 in the shields and shallow basin areas of the craton (e.g. Čermák and Bodri 1986) . Analysis of the uncorrected and corrected heat flow maps showed that large differences existed in the areas of Baltic and Ukrainian shields, eastern parts of the East European Craton with shallow crystalline basement, orogenic belts like Caledonian and exposed Variscan belts and massifs. The differences between corrected and uncorrected values of heat flow in some cases were significant, particularly for shallow wells, heat flow values were underestimated up to 20 mW/m 2 (Majorowicz and Wybraniec 2011) .
In Poland, heat flow modeling (Majorowicz 2004; Wróblewska and Majorowicz 2008 ) based on 2D thermoseismic models along the POLONAISE'97 and CELE-BRATION 2000 seismic profiles and use of Rybach (1978) relationship between radiogenic heat production of the crystalline rocks corrected for pressure/temperature found an anomalous zone of elevated mantle heat flow Q M > 35 mW/ m 2 in southwestern Poland in the Variscan forefront and as low as 10-20 mW/m 2 in the eastern Poland mainly in the Precambrian Platform. However, TESZ does not seem to be a simple dividing boundary. Previously single 1D models ). Grey frame shows location of the study area 1 3 based on seismic data showed the same trend (Majorowicz 1978) . Such elevated mantle heat flow Q M coincides with elevated surface heat flow in the same zone (Majorowicz and Wybraniec 2011) and has its continuation towards NorthWest into Germany, where in the North-Eastern German Basin (NEGB) Q M is 30-40 mW/m 2 (Balling 1995; Nordern et al. 2008) .
Seismic data and 3D crustal model of Poland
A recently presented high-resolution 3D seismic model for the crust and upper mantle in the area of Poland could be useful for further geophysical, including thermal interpretations. The database for the 3D seismic model of Poland and chosen data used in thermal modeling are shown in Fig. 5 . Seismic velocities in the sedimentary cover were determined using 1188 deep boreholes with vertical seismic profiling (VSP; Fig. 5a ). The basement depth and crustal and uppermost mantle structure were determined from modern seismic profiles (Fig. 5b; Polkowski and Grad 2015; . Thickness of sediments and Moho depth maps are shown in next figures (Fig. 5c, d , respectively). Seismic model from the topography to depth 60 km includes multilayer sedimentary cover (TQ Tertiary and Quaternary, Cr Cretaceous, Ju Jurassic, Tr Triassic, Pe Permian, OP Old Paleozoic (PrePermian), Fly Carpathian Flysch), three layer crystalline crust-upper, middle and lower, and uppermost mantle. Majorowicz and Wybraniec (2011) . Grey frame shows location of the study area Majorowicz and Wybraniec (2011) . White circles show the distribution of boreholes with heat flow data. Big white dots show locations of two test sites Prabuty and Września (see Fig. 8 ). Tectonic lines: 1-position of the TTZ in Poland according Narkiewicz et al. (2011) ; 2-magnetic line, southern margin of the Pomeranian Massif after Królikowski (2006) ; 3-basement borders after Karnkowski (2008) Sokołowski (1968 Sokołowski ( , 1992 . A-east European Craton; B1-marginal synclinorium; B2-Pomorze-Kujawy anticlinorium; B3-Szczecin-Łódź synclinorium; B4-northern fore-Sudetic monocline; Ca-Sudetes and fore-Sudetic block; Cb-Upper Silesian block; Cc-southern foreSudetic monocline; Cd -Miechów synclinorium, Goleniów anticlinorium and Holy Cross anticlinorium; Ce-San elevation; CfLublin synclinorium; ; Da-Outer Carpathians; Db-Silesian unit; Dc-Magura unit and Inner Carpathians. TTZ is a SW margin of the East European Craton. Background colors show different basements (Karnkowski 2008 Guterch et al. (1994); profiles M7 and M9-Grad (1991) ; profile TTZ-Grad et al. (1999); profile PANCAKE-Starostenko et al. (2013) ; profile 1VI66- Grad et al. (1990) ; profile EB'95-EUROBRIDGE'95 Seismic Working . Highlighted part of the P4 profile shows a location of cross section in Fig. 12 . c Thickness of sediments in the area of Poland . d Moho depth from 3D seismic model of Poland 1 3 The size of the model cells was selected to allow representation of complex layer structure (especially in sediments) using only the grid itself. Since the size of the individual grid cell is about 1.1 km x 1.1 km x 10 m the layers thickness and depth can be tracked up to 10-m accuracy. Since the model does not feature faults, a horizontal resolution of 1.1 × 1.1 km is enough to represent structure with the very good amount of detail.
Both thickness of layers and average P-wave velocities show great variations . In the EEC the thinnest sedimentary cover in the Mazury-Belarus anteclise is only 0.3-1 km thick, which increases to 7-8 km along the East European Craton margin, and to 9-12 km in the TESZ. The Variscan domain is characterized by a 1-4 km thick sedimentary cover, while the Carpathians are characterized by very thick sedimentary layers, up to about 20 km. The crystalline crust is differentiated and has a layered structure. In general crustal layers in the EEC are thicker than those in the area of PP. A general decrease in velocity is observed from the older to the younger tectonic domains. The crust beneath the PP is characterized by P-wave velocities of 5.8-6.6 km/s. The upper and middle crusts beneath the EEC are characterized by velocities of 6.1-6.6 km/s, and are underlain by a high velocity lower crust with a velocity of about 7 km/s. Seismic data indicate high-velocity lower part of the crust in the TESZ (> 7.0 km/s). It is continued towards north-west in Germany, and is interpreted to be due to abundant mafic intrusions (Rabbel et al. 1995; Bayer et al. 2002) . The SW limitation of this lower crust is the Elbe line (Aichroth et al. 1992 ). In the area of Poland the TESZ is associated with a steep dip in the Moho depth. Abrupt transition of the crustal thickness across the TESZ from the 43-45 km thick crust of the EEC to the 28-32 km thick PP crust ( Fig. 5d ) takes place over a short lateral distance of about 100 km. The slope of the Moho boundary between EEC and WEP corresponds to the axis of the TESZ and reach value of about 10° . High seismic velocity of the lower crust in the TESZ correlates to the high P-wave velocity (about 8.4 km/s) in the uppermost mantle beneath the Polish Basin. The EEC area is generally characterized by high P-wave velocities (~ 8.2 km/s), while the PP area is characterized by velocities of ~ 8.0 km/s. In the structure of the lower lithosphere in the transition PP-TESZ-EEC seismic reflectors appear as a general feature at around 10 km depth below Moho, independent of the actual depth to the Moho and sub-Moho seismic velocity (Grad et al. 2002b) .
"Ringing reflections" are explained by relatively smallscale heterogeneities beneath the depth interval from circa 90 to 110 km. The seismic reflectivity of the uppermost mantle is stronger beneath the Paleozoic Platform and TESZ than the East European Platform.
Heat flow and thermal parameters
Surface heat flow Q 0 gives information about the thermal state of the Earth's interior. It is a sum of radiogenic heat production A component of which the largest part comes from the crust plus radiogenic and transient input from below the Moho Q M . We are using heat flow data based on heat flow determined from continuous temperature-depth T(z) logs and measured thermal conductivity λ from core samples. These older data are in the heat flow database available as an additional supplement to Majorowicz and Wybraniec (2011) . Heat flow values were corrected for the effect of glacial-interglacial surface temperature change forcing: maps of Q 0 for the Central Europe is shown in 2 ). To study thermal state of the Earth's interior using surface heat flow Q 0 the knowledge of two parameters has a crucial importance: thermal conductivity λ and heat production A for sediments and crystalline rocks.
Thermal conductivity λ for sedimentary rocks, depends on rock composition, maturation, fluid content, temperature, etc. Global values are in wide range of 1-4 W/m°C. Values of thermal conductivity λ for magmatic rocks are also in wide range and they increase with depth in the crust. According to Moisiejev and Smyslov (1986) Nowadays, we have no consistent data for the thermal conductivity λ distribution in the sedimentary cover of the area of Poland. Some data and regional compilations are available, e.g. for Cambrian rocks of the Lublin synclinorium (unit Cf in Fig. 5a ), Paleozoic and metamorphic rocks of the southern fore-Sudetic monocline (unit Cc), Permian rocks of the northern fore-Sudetic monocline (unit B4), Cenozoic, Triassic and Carboniferous rocks of the Upper Silesian block (unit Cb), Flysch complex in the Inner Carpathians (unit Dc), as well as chosen magmatic rocks of the 1 3
crystalline basement. Figure 6 shows experimental thermal conductivity data λ for the area of Poland (green squares) compiled from Chmura (1970 Chmura ( , 1987 , Downorowicz (1983) , Plewa (1988) , Plewa and Plewa (1992) and shows for comparison abroad data (red circles) compiled from Moisiejev and Smyslov (1986), Eppelbaum et al. (2014) , Sharma (2002) , Kappelmeyer and Hänel (1974) , Dortman (1976) , Zeb et al. (2010) , Blackwell and Steele (1989), Clark (1966) . Values shown by grey horizontal bars were used for modeling in Model D. Grey dotted lines show a range of values, basically between about 1 and 4 W/m°C, slightly increasing with rock depth/age.
Typical range values of heat production A in the continental crust are different for Archean, Proterozoic and Phanerozoic units being 0.56-0.73, 0.73-0.90, 0.95-1.21 µW/ m 3 , respectively. Value of A is decreasing with depth, and in average is 1.65, 1.0 and 0.19 µW/m 3 for the upper, middle and lower crust, respectively (e.g. Rudnick and Gao 2003; Jaupart and Mareschal 2003) .
Similar as in the case of data for the thermal conductivity λ, nowadays we have no consistent data for the distribution of heat production A for the whole area of Poland.
Individual data and regional compilations are available, e.g. for Triassic and Permian rocks in the northern foreSudetic monocline (B4) and in the southern fore-Sudetic monocline (unit Cc), for Flysch, magmatic, acid and intermediate rocks in Carpathians (unit D), Permian and Carboniferous rocks in the Upper Silesian block (unit Cb), acid rocks of the southern fore-Sudetic monocline (unit Cc), acid rocks (granite) in the Sudetes and fore-Sudetic block (unit Ca), Old Paleozoic rocks in the Lublin synclinorium (unit Cf), Cambrian rocks in the East European Craton (unit A), acid, intermediate and crystalline basement rocks in the East European Craton (unit A).
In the case of 3D seismic velocity model, special importance have empirical A(V P ) relations, which permit to calculate heat production A directly from seismic velocity V p . For the area of Poland such a relation exists for MesoPaleozoic (MP) rocks of the fore-Carpathian region, and is described by formula (Gąsior and Przelaskowska 2012): where radiogenic heat production A is in µW/m 3 , and P-wave velocity V p in km/s.
In the global scale A(V P ) relations for the crystalline crustal rocks are slightly different for Precambrian (Pc) rocks:
and for Phanerozoic (Ph) rocks:
where heat production A is in µW/m 3 , and V p is in km/s (e.g. Rybach 1976; Rybach and Buntebarth 1984; Čermák and Bodri 1986) . For the velocity V p =6 km/s the heat production is 1.31 µW/m 3 for the Precambrian (Pc) crust and slightly larger, A = 1.92 µW/m 3 for the Phanerozoic (Ph) crust. Juxtaposition of experimental heat production data is shown in Fig. 7 . In Fig. 7a heat production data for different stratigraphy in the area of Poland are shown. Grey lines are average for Precambrian (Pc) and Phanerozoic (Ph) sediments used for modeling in Model D. In Fig. 7b heat production data are shown as a function of V p seismic velocity. Orange line and orange triangles are data for Carpathian sediments (MP-Meso-Proterozoic rocks; formula 1). Red lines are for Precambrian (Pc) and Phanerozoic (Ph) crystalline lithosphere (formula 2 and 3, respectively). To avoid extraordinary high values of A calculated from 3D seismic model these formulas were limited to 1.5, 1.3 and 2.3 µW/m 3 , respectively for formula 1, 2 and 3. These formulas are consistent with corresponding values for East European Craton (pink boxes according to Maj 1991) and for Pannonian Basin (yellow boxes according to Lenkey et al. 2002) . Chmura (1970 Chmura ( , 1987 , Downorowicz (1983) , Plewa (1988) , Plewa and Plewa (1992) , Bała and Waliczek (2012) . Values shown by grey horizontal bars and corresponding values in the top of figure were used for modeling in Model D. For comparison red circles show abroad data compiled from Moisiejev and Smyslov (1986), Eppelbaum et al. (2014), Sharma (2002) , Kappelmeyer and Hänel (1974) , Dortman (1976) , Zeb et al. (2010) , Blackwell and Steele (1989) , Clark (1966) . Grey dotted lines show a range of values, basically between about 1 and 4 W/m°C, slightly increasing with rock depth
Mantle heat flow and geotherms calculations
For a one-dimensional steady state case we have used 'boot strapping' method described by Hasterok and Chapman (2011): where Q for i = 0 is surface heat flow Q 0 . Temperature-depth (geotherm) is calculated from:
where A i and λ i are intra layers parameters of heat production and rock thermal conductivity, respectively. To calculate geotherm T(z) for the crust and upper mantle down to LAB boundary we take Δz i = 10 m, compatible with grid of 3D seismic model. In all modeling a ground surface mean annual temperature T o = 9 °C was assumed (Plewa 1994; Górecki 2006) . Thermal conductivity of rocks λ is commonly measured in ambient conditions. Changes of λ due to increase of pressure with depth p(z) and temperature with depth T(z) were calculated using equation with empiric constants Furlong 1992, Correia and Safanda 2002; Čermák and Bodri 1986): where λ o is thermal conductivity at room temperature and atmospheric pressure. Typical values of coefficients c and b for the granitic upper crust are c = 1.5 × 10 − 6 m − 1 , b = 1.5 × 10 − 3 K 1 . The pressure dependence is the same for the whole crust, i.e. c = 1.5 × 10 − 6 m − 1 . Concerning coefficient b in the middle and lower crust, a constant value of b = 1.0 × 10 − 4 K − 1 was assumed (Correia and Safanda 2002) , and for the mantle, we choose a negative coefficient b = -2.5 × 10 4 K − 1 (Čermák et al. 1989 ). This reflects a gradually more efficient radiative component of the heat transfer. The pressure dependence of conductivity within the mantle are not well constrained, but considering the uncertainty on the value of λ o for the mantle rocks (one can find in the literature values between 2.5 and 4.0 Wm − 1 K − 1 ), we neglect the pressure dependence in the mantle.
Heat production A has been assumed for sedimentary cover, the crystalline crust and upper mantle in four models (A, B, C, D) as described below (for their parameters see also Table 1) .
Model A For the sedimentary cover heat production A has been assumed as constant (according to Čermák and Bodri 1986) . In the crystalline crust and upper mantle the relationship between the A and seismic velocity V p established for the Precambrian (Pc, formula 2) and Phanerozoic (Ph, formula 3) were used.
Model B For the sedimentary cover heat production A has been assumed as constant (according to Čermák and Bodri 1986) . In the crystalline crust and upper mantle we assumed that upper crustal heat flow Q UC generated by radiogenic sources follows the empirical relationship Q UC = 0.4·Q 0 , where Q 0 is surface heat flow. This relation was found by Pollack and Chapman (1977) for the continents.
Model C For the sedimentary cover heat production A has been assumed as constant (according to Čermák and Bodri 1986) . For the cratonic upper crust we assumed that Q UC = 0.3·Q 0 , according to Artemieva and Mooney (2001) . For the Phanerozoic tectonic areas Q UC = 0.4·Q 0 was assumed according to Pollack and Chapman (1977) . 
Fig. 7
Experimental heat production data A for sediments and crystalline rocks. a Heat production data for different stratigraphy: TQ, Cr, Ju, Tr, Pe, OP, Fly, UC, MC, LC, UMM-abbreviations as in Fig. 6 caption. Green squares are data from Poland (including light green for EEC) and orange squares for Carpathians. Compiled from Plewa and Plewa (1992) . Grey lines are average for Precambrian (Pc) and Phanerozoic (Ph) sediments used for modeling in Model D. b Heat production data as a function of V p seismic velocity. Orange line and orange triangles are data for Carpathian sediments (MP-MesoProterozoic rocks; formula 1). Red lines are for Precambrian (Pc) and Phanerozoic (Ph) crystalline lithosphere (formula 2 and 3, respectively). Broken lines show a limit of A for three formulas. For comparison are shown data ranges for East European Craton-pink boxes according to Maj (1991) and for Pannonian Basin-yellow boxes according to Lenkey et al. (2002) In the Models B and C where heat flow/heat production data are not available, we used an empirical relation for reduced heat flow Q R (heat flow below the upper crustal radiogenic heat flow sources; statistically circa 10 km of the upper crust). Assumed reduced heat flow was used for estimation the upper crustal heat flow contribution Q UC = Q 0 − Q R . According to Pollack (1986) Q R = 0.6·Q 0 , or Q R = 0.7·Q 0 according to Artemieva and Mooney (2001) for the cratonic areas.
Model D In this model, we used propertied of 3D seismic model and local data available for thermal conductivity λ and heat production A for sediments and crystalline rocks (Figs. 6, 7) . Thermal conductivity λ values were different for stratigraphic sedimentary layers: for Tertiary and Quaternary 1.9, for Cretaceous + Jurassic + Triassic complex 2.3, for Permian 3.0, for Old Paleozoic 2.5, for Carpathian Flysch 2.7, for Upper Crust 3.0, for Middle Crust 2.6, for Lower Crust 2.8, and for Uppermost Mantle 2.9 (all values in W/ m°C). Heat production A values in sediments were differentiated for Precambrian (1.2 µW/m 3 ) and for Phanerozoic (1.0 µW/m 3 ) units; in Carpathian Flysch we used A(V p ) formula (1) for Meso-Paleozoic rocks. In the crystalline crust heat production A for Precambrian unit (Pc) were used from formula (2), and for remaining areas according to formula (3). To avoid overestimated A values for lower V p velocities we used limitations as shown in Fig. 7 .
Test results Sample calculations for two locations typical for the low heat flow of the East European Craton (Prabuty, ϕ = 53.77°N, λ = 19.22°E, H Moho =42.04 km, Q 0 = 41.58 mW/m 2 ) and high heat flow of the Variscan foreland (Września, ϕ = 52.33°N, λ = 17.58°E, H Moho =33.14 km, Q 0 = 75.99 mW/m 2 ) are illustrated in Fig. 8 . In the calculations parameters from Model A were taken (see Table 1 ). For assumed thermal conductivity λ and heat production A heat flow with depth Q(z) and temperature T(z) were calculated. Geotherms show five approximations: #1 blue curve is based on first approximation with λ(z) not depended on temperature/pressure (ambient conditions) and #2, #3, #4, #5 color lines representing next four iterations with λ(z) depended on T(z), according to formula (6). Last iteration #5 shows no significant changes comparing to iteration #4, so this geotherm could be used to determination LAB depth, understood as intersection geotherm with mantle adiabat. Consecutive iterations show also influence of temperature dependent λ(z) for thermal LAB depth. In the case of hot/ thin lithosphere (Września) it is not significant, changing from ~ 80 km for iteration #1 to ~ 90 km for iteration #5. In the case of cold/thick lithosphere (Prabuty) it is significant, changing from ~ 160 km for iteration #1 to ~ 200 km for iteration #5. These examples show necessity of use temperature dependent λ(z), particularly in the case of cold/thick lithosphere.
Spatial and depth distribution of the modeled results
As shown in test sample in previous chapter calculations were done in the same way for the whole territory of Poland. The geometry of sediments, crystalline crust and uppermost mantle was taken from high-resolution 3D seismic P-wave velocity model of Poland . Corrected for paleoclimate heat flow map (Majorowicz and Wybraniec 2011) and other thermal parameters were gridded to a common mesh and calculations of heat flow Q(z) and geotherms T(z) were made for four independent thermal Models A, B, C and D.
Mantle heat flow Heat flow variations with depth Q(z) were calculated according to formula (4). Mantle heat flow Q M has been calculated as heat flow at depth of seismically Heat flow at Moho depth is calculated and mapped and both confirm large variability with an elevated mantle heat flow (circa 30-40 mW/m 2 ) in the Paleozoic Platform which is some 10-20 mW/m 2 higher then Moho heat flow in the north-eastern and south-eastern Poland which belong to a variety of tectonic terranes (the oldest Precambrian Craton, younger Cadomian, Trans-European Suture Zone and Carpathians). Mantle heat flow variability is mainly correlating with measured surface heat flow and influences geotherms. This tendency is common for all four thermal Models A, B, C and D. In all models the lowest mantle heat flow is
observed for Precambrian cratonic area in northern Poland and in south-eastern Poland for Precambrian and Cadomian units. Low mantle heat flow in south-eastern Poland correlates with area of deepest Moho (> 45 km; Fig. 5d ). However, this division does not seem to be a simple dividing boundary.
Temperature Temperature variations with depth T(z) were calculated for assumed thermal conductivity λ(z) and heat production A(z) for Models A, B, C and D (Table 1) . Temperature at Moho is shown in Fig. 10 . For all models the temperature pattern shows many similarities, with difference of about ± 50 °C only. In all models, the lowest Moho temperature 400-500 °C is observed for Precambrian cratonic area in northern Poland and in south-eastern Poland for Precambrian and Cadomian units. On the other hand, the highest Moho temperature 800-900 °C is observed in Central Poland. This hot area correlates well with the location Craton. In both cases, the temperature difference is about 400 °C, similar to those at 50 and 60 km. It should be mentioned, that such a difference occurs spaced about 300 km only.
Curie temperature and magnetic crust In the study of the crustal magnetism crucial role plays Curie temperature, at which rocks and minerals lose their permanent magnetic properties. For the crustal rocks this temperature is close to 580 °C (e.g. Gasparini et al. 1979) , and this value we used for calculation of the Curie temperature T C depth for Models A, B, C and D (Fig. 12) . Table 1) with the location of the Polish Basin and continues towards the north-eastern German Basin. Beneath the Precambrian and Cadomian units the T C depth is much deeper, reaching 40-55 km.
The knowledge of Curie temperature T C permits to calculate map of the magnetic crust thickness. Other data we know from the seismic model: thickness of sediments (or basement depth) and Moho depth (Fig. 5c, d) . Magnetic crust thickness H MC can be described by:
where H Moho is Moho depth, H Tc is Curie temperature (580 °C) depth and H Bas is depth of basement (Fig. 13) .
The maps of magnetic crust thickness H MC calculated for Models A, B, C and D are shown in Fig. 13 . All four maps are consistent and show clear differentiation of magnetic crust thickness: thin (< 25 km) for the south-west of TTZ, and thick (> 35 km) for NE Poland. In the central part of the Polish Basin magnetic crust thickness is only 5-10 km. This is because very thick non-magnetic sedimentary cover and shallow depth of Curie temperature. Also in Carpathians magnetic crust is thin (~ 20 km), which is mostly because of very thick sediments. Thick magnetic Precambrian and Cadomian crust (35-40 km) is a result of a great depth of Curie temperature, thick crust Thermal LAB Thermal LAB depth Z LAB has been calculated for four Models A, B, C and D (Fig. 14) according to formula (5). Depth to thermal LAB is determined from the depth of intersection of geotherm calculated for the last iteration (#5) with mantle adiabat T AD (z) as illustrated in the test results in Fig. 8 (Hyndman et al. 2009; MacKenzie and Canil 1999): where T(0) = 1300 °C, z is depth in km, and temperature gradient is 0.3°C/km. Temperatures for depths 100 km and 200 km are T(100) = 1330 °C and T(200) = 1360 °C,
respectively. However, this method for estimation the LAB depth is somewhat simplified and may be significantly more complex (see Eaton et al. 2009 , for a review on the LAB). It gives an approximation to rather uncertain thermal data in the upper lithosphere.
Calculated for four Models A, B, C and D thermal LAB depths (Fig. 14) show large variability between Paleozoic Platform (90-120 km) and Precambrian and Cadomian units (> 150 km). 
Thermal LAB and seismic LAB-comparison
The lithosphere-asthenosphere boundary LAB is not a sharp discontinuity, but rather a gradual and thick transition zone (see e.g. Meissner 1986 ). In seismology the asthenosphere was identified as a low-velocity channel in the 50-200 km depth range in Gutenberg's global model of the Earth (Gutenberg 1959) . Recently, the LAB depth have been effectively estimated by global and regional tomography (e.g. Gregersen et al. 2006; Pasyanos 2010) . The LAB may also correlate with change in the anisotropy direction (e.g. Eaton et al. 2009; Plomerová and Babuška 2010) . The asthenosphere could be identified as a low-viscosity zone and a low value of the quality factor, Q S (e.g. Stacey 1969; Karato 2010) . Characteristic for asthenosphere is low seismic activity or even total lack of earthquakes. The electrically defined LAB is marked by a significant reduction in electrical resistivity, where resistive lithosphere is overlying the highly conductive asthenosphere (e.g. Eaton et al. 2009; Korja 2007; Jones et al. 2010) . Different definitions and method estimations of LAB should be considered when comparing to thermal LAB.
Comparison with LAB along profile P4 Comparison of our thermal LAB depth variability calculated for four thermal models described above (Models A, B, C and D) with the independent seismological experiment data along the profile P4 shows general agreement within the errors of both methods (Fig. 15) . Seismic model of the crust and Table 1) uppermost mantle beneath profile P4 shows thin crust and lithosphere beneath Paleozoic Platform, and thick crust and lithosphere beneath East European Craton. Seismic LAB depth were determined from relative P-residuals of teleseismic events (Wilde-Piórko et al. 2010) . Average seismic LAB depths are about 90 km beneath PP, about 120 km beneath Polish Basin, and about 190 km beneath EEC (Fig. 15a) .
In Fig. 15b temperature down to 250 km depth is shown together with thermal LAB depth for Model D. We have an agreement with seismic LAB depth within standard deviation of ± 30 km. Thermal LAB depths calculated for Models A, B, C and D (Fig. 15c) clearly show convergence of results Fig. 15 Comparison of seismic and thermal LAB along profile P4. a Model of the crust and uppermost mantle beneath profile P4 down to 250 km depth (see Fig. 5b for south of TTZ (distance along profile 0-300 km), where the differences are in a few kilometers only. Much bigger differences are observed beneath EEC (up to 60 km).
Comparison with global and regional LAB depths As mentioned earlier, the depth of LAB could be estimated different, depending on the method used. Here we compare our thermal LAB depths (Fig. 14) with global and regional LAB depths obtained by different methods (Fig. 16) . For the area of Poland "Tesauro" map was extracted from thermal LAB model of European lithosphere (Tesauro et al. 2009 ). "Hamza" map was extracted from global thermal LAB map (Hamza and Vieira 2012) . "Priestley" map was extracted from global seismic LAB model (Priestley and McKenzie 2013) , which was obtained using surface waves tomography. The fundamental and higher modes of Rayleigh surface waves (periods between 50 and 160 s) were used to image structures, with a horizontal resolution of ~ 250 km and a vertical resolution of ~ 50 km to depths of ~ 300 km in the upper mantle. "Seis-Grav" LAB depth map was compiled from regional seismic LAB data, mostly in northern Poland (blue dots) and from gravity LAB data, mostly in southern Poland (red dots). Seismic data were compiled from different seismic techniques: relative P-residuals of teleseismic events recorded along profile P4 ( Seis-Grav Fig. 16 Map of LAB depth for the area of Poland. "Tesauro" map is extracted from European thermal LAB map (Tesauro et al. 2009 ). "Hamza" map is extracted from global thermal LAB map (Hamza and Vieira 2012) . "Priestley" map is extracted from global seismic LAB map (Priestley and McKenzie 2013) . "Seis-Grav" map is compiled from regional seismic LAB data (blue dots), compiled from Wilde-Piórko et al. (2010), Geissler et al. (2010) , Grad et al. (2015 Grad et al. ( , 2018 , and from gravity LAB data (red dots), compiled from Bielik (1999), Horváth et al. (2006) and Grabowska et al. (2011) receiver function (Geissler et al. 2010) , dispersion of surface waves (Grad et al. 2018) . Gravity LAB depths were compiled from 2D gravity modeling (Bielik 1999; Bielik et al. 2006; Grabowska et al. 2011 ) and from regional map (Horváth et al. 2006 ). All four LAB maps shown in Fig. 16 show in general decrease of depth from NE Poland towards SW Poland. However, all they differ in details. In the "Tesauro" map this decrease is from 180 to 130 km, with an almost constant gradient. These values are underestimated by about 20 km (compare geotherm in Fig. 8 ), because in this paper the LAB depth was assumed at isotherm of 1200 °C. In the "Hamza" map the LAB depth is relatively flat (210-230 km) for the EEC, decreasing to about 170 km with almost constant gradient in SW Poland. In the "Priestley" map decrease of LAB depth is the biggest: from 270 to 100 km, with gradient almost constant, but about three times bigger than in "Tesauro" map. All three maps have continental or global scale, so also their resolution is low. "SeisGrav" LAB depth map is not so smooth as three models shown before. This is because local data were used, which better reflect local structure. For the EEC typical LAB depths are 170-190 km, for Cadomian unit and Carpathians 140-160 km, and 100-130 km for Paleozoic Platform. The boundaries between these units are more narrow gradients zones. For example, 40 km LAB depth change between PP and EEC (from 130 to 170 km) follows at distance of circa 100 km only.
Discussion and conclusions
We find large variability in heat flow Q 0 and calculated mantle heat flow Q M (heat flow from below the crust) across Poland. An elevated mantle heat flow (circa 30-40 mW/m 2 ) is typical in the Paleozoic Platform. It is some 20 mW/m 2 higher than Moho heat flow in the north-eastern and southeastern Poland belonging to different tectonic terranes from the EEC, TESZ and Cadomian area in SE Poland (Fig. 9) . Mantle heat flow variability is mainly correlating with measured surface heat flow and influences geotherms and depth point of their intersection with the mantle adiabat. Calculated thermal LAB depth follows patterns of heat flow and Moho heat flow variability through Poland with the thinnest lithosphere in the high mantle heat flow areas. Comparison of this thermal LAB depth estimates with seismic/gravity data based LAB shows general coincidences when EEC vs PP areas are considered (circa 190 km depth vs some 90 km depth, respectively) along the profile P4 seismic experiment data. General trend is basically the same. However, significant differences exist in many areas and especially for the SE Poland when comparison is made between thermal LAB depth maps with the compilation map from other seismological and gravity LAB determinations (Fig. 16) . We have thinned LAB in the SW Poland and thickest in parts of the craton and the difference in depth is some 100 km.
The lithosphere thinning mainly in the Paleozoic Platform with thicknesses as low as ~ 100 km found by the independent seismological data gives good confirmation of the validity of our assumptions in our thermal models. To have thinner thermal lithosphere in the Paleozoic Platform high heat flow zone requires higher mantle heat flow than in the thick lithosphere-low heat flow craton.
Heat flow and mantle heat flow calculations from our thermal models show that the main regional scale (~ 100 km scale) variability in heat flow from 45 to 55 mW/m 2 for the craton to 65-75 mW/m 2 for the Paleozoic Platform in Poland comes largely from some 20 mW/m 2 difference in the mantle heat flow between both areas. Upper crustal radiogenic contribution in the Paleozoic Platform younger consolidated crust is also larger than in the craton, however, the Precambrian crust is much thicker.
If to the contrary we were to assume thermal models in which the differences between heat flow for the Paleozoic Platform high heat flow and low heat flow for the craton come entirely from the differences in the upper crustal radiogenic heat production contribution to heat flow (higher for the Paleozoic Platform crust) then mantle heat flow would be pretty equal between the areas. However, in such case it would be impossible to have the model calculation to give us thinning of the thermal lithosphere, e.g. shallower thermal LAB under the high heat flow area shown by the independent seismological LAB depth estimates by several independent works (Fig. 16) .
In the continental scale, the LAB depths in Poland correspond to the average depth values for Phanerozoic and Precambrian Europe. According to Jones et al. (2010) average seismic LAB depth for Phanerozoic Europe is 133 ± 49 km and for Precambrian Europe 182 ± 13 km. The TESZ is visible as a strong, step-like change of ~ 100 km of the depth to the LAB. This change is greater than the difference between the two mean values between Phanerozoic and Precambrian Europe. Electrically defined average LAB depth for Precambrian Europe is 66 km deeper, and for Phanerozoic Europe is 20 km shallower than corresponding seismic LAB (Jones et al. 2010 ). In the northern Europe, the LAB depth beneath Barents Sea was found at depth of circa 200 km (Grad et al. 2014) . First arrivals of P-waves from local earthquakes show no evidence for "shadow zone" related to low velocity zone (asthenosphere), which could either be interpreted as the absence of the asthenosphere beneath the central part of the Baltic Shield, or that the LAB in this area occurs deeper than 200 km (Grad et al. 2014) .
The inference of the thermal LAB is not trivial and comparison with lithosphere thickness inferred from other geophysical method is not so straightforward and generally seismic determined LAB is commonly deeper than thermal LAB (Jaupart et al. 1998 , Eaton et al. 2009 Artemieva 2011; Chiozzi et al. 2017 ). The depth difference between the thermally conductive layer and the top of the convective mantle found between our thermal LAB and that based on seismic tomography is not surprising. According to Jaupart et al. (1998) and Artemieva (2011) the difference can be as large as 40-50 km as there are differences between thermal and seismological lithosphere. For one, lithospheric temperature varies gradually with depth and the heat transfer gradually changes from conduction to convection. The thermal boundary between lithosphere and asthenosphere is transitional. For second, the surface waves tomography generally shows sharp boundary and velocity inversion boundary is generally at a depth greater than the thermal lithosphere-asthenosphere transition.
Temperature variations at Moho calculated for assumed thermal conductivity λ(z) and heat production A(z) for Models A, B, C and D show similar pattern with differences of about ± 50 °C only (Fig. 10) . The lowest Moho temperature 400-500 °C is observed for Precambrian and Cadomian units and the highest Moho temperature 800-900 °C is observed in the area of Central Poland, which well correlates with the area of Polish Basin and continues towards the North-Eastern German Basin. Such temperature contrasts are observed also at depth slices (Fig. 11) . Beneath the Paleozoic Platform temperatures are higher than beneath the Precambrian and Cadomian units: about 150 °C at 10 km, 300 °C at 20 km, about 400 °C at 50-60 km depth. This relatively big change occurs at distance spaced about 300 km only.
Differences in temperature influence depth of Curie temperature, here assumed as 580 °C (e.g. Gasparini et al. 1979) . For all models results are consistent (Fig. 12) , showing relatively shallow depth of T C beneath the Paleozoic Platform, 15-30 km only, and much deeper, reaching 40-55 km beneath the Precambrian and Cadomian. This is also crucial for the magnetic crust thickness, which could have been calculated using thickness of sediments (or basement depth) and Moho depth. Magnetic crust thickness is thin for the south-west of TTZ (< 25 km), and thick for NE Poland (> 35 km). In the central part of the Polish Basin magnetic crust thickness is only 5-10 km. Shallow Curie temperature and thin magnetic crust of the Paleozoic Platform should be taken into consideration in magnetic modeling (e.g. Petecki 2002) .
Our thermal modeling of the lithosphere for the area of Poland shows consistent results for the temperature, heat flow at Moho, magnetic crust and LAB depth. We observe differences in results, and our preferred model is Model D (see Table 1 ). In this model, we used propertied of 3D seismic model (geometry, V p velocity, tectonic division) and local thermal data (conductivity λ and heat production A).
The spatial variability of modelled mantle heat flow and thickness of the lithosphere, in general correlates with measured surface heat flow. These thermally modelled characteristics of the lithosphere-asthenosphere relationships reflect the transient nature of heat flow related to variability in lower mantle heat input and radiogenic heat production of the crust and mainly of the upper crust. The radiogenic heat producing isotopes of U, Th and K of the crust have been assembled over millions-billions of years. Observed low heat flow, low mantle heat flow and thick thermal lithosphere are related not just to the craton east of the TTZ but also to the Cadomian crust in SE Poland (Fig. 4) . Cadomian orogeny, which occurred on the margin of the Gondwana continent is related to series of events in the late Neoproterozoic, about 650-550 Ma (Karnkowski 2008) . They occurred in southern Poland and also in several other areas of Europe, including northern France, the English Midlands, southern Germany, Bohemia. Relatively thick lithosphere we get for our models for the Precambrian Craton east of TTZ is also present in the Cadomian units and partly within the Caledonian Pomeranian Massif (see Fig. 4 ). All of these areas of thick lithosphere and low mantle heat flow are related to low to moderate heat flow < 60 mW/m 2 . Thinner lithosphere (< 100 km) is mainly in high heat flow > 70 mW/m 2 , observed in the marginal zone of VDF (see Fig. 1 ). When, considering that the latest volcanism in that area within the Permian basin is old 290-270 million years (Karnkowski 2008 ) the remnant heat of the rifting basinal extensional phase must have been long dissipated considering diffusivity dependent cooling time constant (Jessop and Majorowicz 1994) . To the South-Western Poland volcanism is much younger and of Cenozoic ages, 30 and 18 million years age (Puziewicz et al. 2012 . It could be speculated that the thinning of the lithosphere and crust are still a result of quite ancient deeply seated (> 150 km) magmatic event which may had been going through a stage of later deep rejuvenation (failed mantle plume?). When comparing lithospheric thinning, heat flow and mantle heat flow of the studied here area of Poland with Pannonian basin or Rhine Graben it shows that our research area cooled down much more and it is consistent with tectonic age differences.
Age dependence of terrestrial heat flow was statistically evaluated for the relevant heat flow and tectonic age world data in the different tectonic settings in the past (e.g. Jessop 1990 ). The relationship of heat flow Q, with time t, is of the form Q(t) = C·t − b , for continents and Q(t) = C·t − 1/2 for ocean basins. The inverse relationship between heat flow and the square root of crustal age matches theoretically predicted one-dimensional lithospheric cooling models (Crough and Thompson 1976) . There is also half-time decay factor for radiogenic elements in the crust (Jessop 1992) . In the older Precambrian cratons of billion years of age, radiogenic heat production be less due to radiogenic decay of U, Th, K. These factors play significant role to explain low heat flow-thick lithosphere of some 1 Gy years old craton in comparison with much younger regions of magmatically rejuvenated in Cenozoic older Variscan Platform to south west of TTZ. Relatively low heat flow-thick lithosphere in the northern Carpathian foreland area in Poland is in contrast to high heat flow and thinned lithosphere in the inner zone (Pannonian basin) which fits heat flow vs tectonic age general relationship and is related to much older crust beneath foreland.
The heat flow and temperature maps for the area of Poland as shown in this paper can be found in digital form at: https ://www.igf.fuw.edu.pl/pl/infor matio ns/zakla d-fizyk i-litos fery-igf-fuw-67954 /.
